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Operational Reliability Model of Hybrid MMC
Considering Multiple Time Scales
and Multi-state Submodule

Fei Feng, Juan Yu, Wei Dai, Zhifang Yang, Xingpan Zhao, Salah Kamel, and Guobin Fu

Abstract—Environmental and electrical factors such as wind
speed, air temperature and switching frequency have significant
influences on the operational reliability of hybrid modular mul-
tilevel converter (MMC), which is commonly used for the wind
power transmission. However, the existing reliability model of
hybrid MMC based on statistics cannot accurately reflect the
impact of these factors. In this paper, a new operational reliabil-
ity model of hybrid MMC is presented. The reliability index of
the hybrid MMC is coupled with its operation characteristics
by calculating multi-term thermal cycling. In addition, an oper-
ation strategy of hybrid MMC is proposed to improve its reli-
ability. The multi-state submodule (SM) is developed, which is
capable of bypassing specific faulty power modules instead of
the whole SM. Case studies show that the proposed operational
reliability model could describe the impact of environmental
and electrical factors. Also, the proposed operation strategy can
improve the reliability of hybrid MMC by extending the opera-
tion time of SMs.

Index Terms—Modular multilevel converter (MMC), multiple
time scales, submodule (SM), operational reliability, thermal cy-
cling.

1. INTRODUCTION

ODULAR multilevel converter based high voltage di-

rect current (MMC-HVDC) transmission is a promis-
ing technology for large-scale wind power integration be-
cause of the low distortion of output voltage and decoupling
control of active and reactive power [1]-[3]. As a key com-
ponent in MMC-HVDC system, the operational reliability of
MMC is significant for the stable operation of the system. In
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fact, failure rates of MMC components are closely related to
environmental and electrical factors. The main influencing
factors include wind speed, air temperature and switching
frequency. The output power of MMC for wind power trans-
mission greatly changes with the wind speed fluctuation [4],
[5]. It will affect the junction temperature swings of power
devices, and eventually influence the reliability of MMC.
The thermal cycles will fluctuate with the variation of air
temperature, thereby seriously affecting the operational reli-
ability of MMC [6]. In addition, as the installed wind power
capacity increases, more MMC components need to be used
to fulfill the higher voltage requirement. The impact of in-
stalled electrical parameters on the operational reliability of
MMC could not be ignored such as switching frequency and
current alternating [7]. However, solely statistical reliability
evaluation may distort the impact of current working condi-
tions, causing significant deviation of reliability model from
reality [8]. Therefore, an operational reliability model of
MMC that accurately measures the impact of multiple fac-
tors becomes quite meaningful in the wind power transmis-
sion system.

Because of its good DC fault ride-through capability and
economical investment, hybrid MMC is an attractive technol-
ogy in industrial applications [9], [10]. Therefore, many
types of submodules (SMs) with DC fault ride-through capa-
bility have been developed. Because of similar function,
they can substitute each other in some circumstances [11].
However, in the conventional operation strategy of hybrid
MMC, the operating SM has been bypassed whenever any
device in the SM fails [12]. This would limit the operation
time of SMs, thereby affecting the reliability of hybrid
MMC. It becomes quite meaningful to improve the opera-
tion strategy to improve the reliability of hybrid MMC.

Facing these problems, an operational reliability model of
hybrid MMC is developed with consideration of environmen-
tal and electrical factors. Based on this model, an improved
operation strategy is proposed to improve the reliability of
hybrid MMC.

Existing studies on the reliability of MMC mainly include
equipment and component levels. For reliability of MMC at
the equipment level, recently, many reliability models of
MMC have been proposed [11]-[19]. In [I1], [13], different
initial redundant methods of SMs are proposed to get the op-
timal trade-off between SM cost and reliability for MMC.
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The impacts of preventive periodic maintenance, different re-
dundancy and different topologies and packages of SMs on
the reliability of MMC are taken into account [12], [14]-
[16]. Correlations between the requisite and redundant SMs
are considered in hybrid MMC and usual MMC, respective-
ly [17]-[19]. However, the reliability models of MMC are
mainly established based on the statistical failure rate. In
fact, the failure rates of power devices are time-varying and
the influence comes from multiple factors [20], [21], which
indicates that the assumption of constant rate still can be im-
proved.

For reliability of MMC at the component level, the failure
mechanisms of power devices in wind power system are re-
lated with many factors such as thermal cycling, blocking
voltage and power-on-time [22], [23]. The thermal cycling is
considered as one of the most critical failure reasons. Fur-
thermore, thermal cycles with long-term time scale are main-
ly influenced by wind speed and ambient temperature, while
the thermal cycles with the short-term time scale are mainly
affected by electrical factors, e.g., power current alternating.
Both of them can affect the lifetime of power devices [24],
[25]. References [6], [7] evaluate the lifetime of power de-
vices in half-bridge MMC based on physics of reliability
and Miner’s rule [26], which can be used for redundancy de-
sign. Also, it has demonstrated that power devices bear seri-
ous thermal stress because of the fluctuation of wind speed.
However, the reliability of power devices in hybrid MMC is
not investigated.

In conventional operation strategy of hybrid MMC, the op-
erating SM will be bypassed when any power device in the
SM fails [12]. However, in fact, when some specific power
devices fail, some types of SMs can still be used to support
the DC-link voltage by bypassing these power modules such
as unipolar-voltage full-bridge SM (UFSM) [27] and self-
blocked SM (SBSM) [28]. It may help to extend the work-
ing time of SM and improve the reliability of hybrid MMC.

This paper investigates the reliability model and the opera-
tion strategy of hybrid MMC, which contains the following
three main contributions.

1) The reliability of power components in hybrid MMC
considering environmental and electrical factors is analyzed
based on thermal cycling with multiple time scales. Thermal
cycles are calculated by using the foster model and opera-
tion characteristics of hybrid MMC.

2) A new operation strategy of hybrid MMC with multi-
state SM is proposed to improve the reliability. The opera-
tion strategy is improved by bypassing specific faulty compo-
nent instead of the whole SM based on the operation princi-
ple of SM. The corresponding reliability model is derived
based on the multinomial distribution.

3) An operational reliability model of hybrid MMC with
multiple time scales and multi-state SM is proposed based
on reliability of components with multiple time scales, im-
proved SM operation strategy and structure of hybrid MMC.
The proposed model is capable of accurately measuring the
impact of different factors on hybrid MMC reliability.

II. OPERATION CHARACTERISTICS OF HYBRID MMC IN
WIND POWER TRANSMISSION SYSTEM

This section introduces the operation characteristics and
structure of hybrid MMC, which is the basis of analysis on
operational reliability of hybrid MMC.

Figure 1 shows the topology of a three-phase hybrid
MMC. Each arm is composed of series-connected SMs. SMs
consist of insulated gate bipolar transistor (IGBTs), diodes
and capacitors. In the topology of hybrid MMC, the half-
bridge SM (HBSM) supports the DC-link voltage, and other
SMs are installed for both supporting the DC-link voltage
and DC fault ride-through. In this paper, the hybrid MMC to-
pology consists of Nz, HBSMs and Ny, UFSMs. In addi-
tion, an active redundancy scheme is used in this paper,
which is normally used in the actual industrial MMC-HVDC
projects.
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Fig. 1. Topology of a three-phase hybrid MMC.

In the wind power transmission system, the active power
of hybrid MMC P,ycon €quals to the sum of output power
of wind turbine generators (WTGs). The relationship be-
tween the i WTG output power Pyqq,, ; and wind speed v,

at current time point #,, where # is the number of time point
samples, can be expressed as [29]:
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where V. are the cut-in, rated, and cut-out
wind speeds, respectively; P,. is the rated capacity of
WTG; and k, is a constant related to the density of air and
blade area of WTG.

Given that the arm current operates normally without har-
monic circulating current, the up and down arm currents can

be expressed as, respectively [9]:
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where ¢ is the voltage or current phase angle; f; is the funda-
mental frequency; 7, and [, are the peak AC output phase
current and the DC current, respectively, which can be ap-
proximated as:

2P MMCout

I~ —
3U, cosp

m

3)

P MMCout

I, =~
dc Udc

where U, and U, are the peak AC output voltage and the
DC voltage, respectively.

The operation scheme of the UFSM and HBSM, e.g., the
SM voltage U, and the switch state Sy, are shown in Ta-
ble I. In the normal operation, the power module containing
IGBT T, and diode D, is always turned on, which is equiva-
lent to a short circuit. The diode D, is turned off all the time
and equivalent to an open circuit. Therefore, UFSM is equiv-
alent to HBSM in the normal working state.

TABLE I
OPERATION SCHEME OF SMs

SM S[Wlh Tl TZ T3 USM

1 Off On On 0

UFSM 2 On Off On U,

Block Off Off Off -

1 Off On - 0

HBSM
On Off - U,
Note: “-” means the index does not exist.

A sinusoidal pulse width modulation (SPWM) scheme is
applied to control the switch of IGBTs. During the working
procedure of IGBTs, conduction loss and switching loss are
usually considered. We assume that a fundamental frequency
cycle contains ng, switching cycles (n,, =f../f;). For IGBT,
the average power loss PV . at the j™ switching cycles (j=

T,avg
1,2,...,n,) is the sum of conduction loss PY),  and switch-

ing loss PY,,, which can be calculated as [30], [31]:
P'(l'{)avg =P’(1{)COII +P%)SW =(Rceiau + UCCUZ.BL\)TT +
5 5 U
(aTlau +leau +CTlau f.;pr (4)
Urated
where R, and U, are the forward conduction resistance,

and the voltage drop on IGBT, respectively; f,, is the switch-
ing frequency; a,, by, and ¢, are the curve fitting parameters;
pr is the coefficient related to the junction temperature; U,
is the reference voltage of IGBT; U, is the DC voltage of
IGBT; and 7, is the duty cycles. The diode could be calculat-
ed by using similar approach for average power loss.

From (1) to (4), it can be obtained that the electrical pa-
rameters of WTG and wind speed influence the arm current
of hybrid MMC, which affects the power loss of semicon-
ductors. Meanwhile, the electrical parameters of hybrid
MMC affect the power loss of semiconductors directly.
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III. RELIABILITY MODELING OF POWER COMPONENTS IN
HYBRID MMC WITH MULTIPLE TIME SCALES

To analyze the reliability difference among components in
hybrid MMC and evaluate the impact of environmental and
electrical factors on hybrid MMC, this paper presents a reli-
ability model to describe the operation characteristics of hy-
brid MMC.

A. Thermal Cycling with Multiple Time Scales

The junction temperature of power devices in hybrid
MMC varies with the power loss during the operation pro-
cess. The thermal equivalent circuits can be used to obtain
the junction temperature of power devices, which can be ob-
tained by using the foster model [32].

According to the manufacturer datasheet given in [33], the
thermal network from the junction to the case can be con-
structed by a fourth-order foster model. The thermal network
from the case to heat sink and the thermal network from
heat sink to ambient are established by first-order foster
models, respectively. Based on the foster model, the junction
temperature of IGBT at the /" switching cycle can be calcu-
lated as [33]:

)

Tje.i

4
TP =Y ATY, + AT +ATO +T,,
i=1

where 7,, is the ambient temperature at sample time ¢;

ATY), is the switching cycle temperature junction difference
(SCTD) of the i RC parallel unit in IGBT junction to the
case thermal network; ATY) is SCTD of IGBT case to heat
sink; and AT is the SCTD of heat sink to ambient.

The SCTD AT}, can be expressed as:
7Ts\\4 7Ts\\4
W —pw Tries (D T 6
AT{), =P, Rey, (1= )+ AT Ve ©
where Ry, and 7y, are the thermal resistance and time con-

stant of the /™ IGBT junction to the case thermal network, re-
spectively; T,, is the switching period; and AT{ is the
SCTD at the (j—1)" switching cycle. Other AT{), shares the
similar formulation. For ATY), and AT,”, because the change
of the case temperature is slower, they can be approximated
as a constant in a fundamental cycle [29].

In general, the changes of electrical factors such as the
current and duty cycle can be reflected in thermal cycles
with short-term time scale because of the small time con-
stant (second-level) as shown in Fig. 2.

i Short-term time scale i  Long-term time scale

1 (second) 3 (hour/day) i
’ Time constant
Switch Wind Air temperature

Fig. 2. Variations of different factors with different time scales.

In the operation process, the sample data of wind speed
and ambient temperature is extracted at every time interval
T. Each time interval T consists of N;; fundamental frequen-
cy cycles (Nyp =1f,). According to (5) and (6), all of the
switching cycle junction temperatures in the i fundamental
frequency cycle (i=1,2,...,Nyp) are calculated by iterating

SCTDs. Then, the mean junction temperature 7 maxi-

javg,Fs
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mum value Ty, p, minimum value Trpy,,r current of wire
bond and the chip /. per fundamental frequency thermal cy-
cle can be obtained.

The impact of wind speed and ambient temperature that
have large time constant (e.g., hour, day) can be reflected in
low-frequency thermal cycles with long-term time scale. Be-
cause of the fluctuation of the wind speed and ambient tem-
perature, the junction temperature is usually randomly or-
dered. The rain flow counting method [34] can be used to
extract thermal parameters from disordered thermal cycles
for fatigue lifetime estimation. Based on the rain flow count-
ing method, Ny, low frequency thermal cycles can be ob-
tained by using the mean junction temperature 77, from £,
to the sample time 7,. Then, the maximum junction tempera-
ture 7,1, Minimum junction temperature I7,;, ., current of
wire bond and the chip /; per low frequency thermal cycle
can be calculated.

The parameter calculation of the diode can be executed by
using the similar approach.

B. Reliability of Power Devices in Hybrid MMC with
Multiple Time Scales

Based on the long-term and short-term thermal cycles con-
sidering the impacts of multi-factors, Bayerer model can be
used to evaluate the consumed lifetime of power devices [23].

To evaluate the impact of low frequency thermal cycles
on IGBT, the number of cycles to failure Ny can be calcu-
lated by using Toj.1s Trjmin @and 7 per low frequency ther-
mal cycle based on Bayerer model [23]:

52

Ny = k(TTjnnax,L - Tijin,L)ﬂleTTJ"“"'I'+273 tf;]f4Uﬂ5Dﬂ6 )
where ¢, is the time dependence; U is the blocking voltage;
D is the diameter of the bonding wire; k=9.3x10"; B, =
—4.416; p,=1285; f,=-0.463; p,=-0.716; ;,=-0.761; and
fs=—0.5.

To estimate the influence of fundamental frequency ther-
mal cycles, the number of cycles to failure Ny can be cal-
culated in a similar way.

For IGBT, the total consumed lifetime with multiple time
scales during f-f, CL.(¢,) and the mean time to failure at ¢,
MTTF(t,) can be accumulated based on Miner’s rule [26],
[35], which are expressed as:

NrgumL . N\V/R
CL(t)= Y —=lp Y —tht 8
! ; NTﬁL,i i:INTf.,F.i ( )
MTTF,(t,)= — 0
[" cL @ ©)

where N;,, and Ny ; are the number of cycles and the number
of cycles to failure of the i low frequency thermal cycle, re-
spectively; and N;p; and Ny, are the number of cycles and
the number of cycles to the failure of the fundamental frequen-
cy thermal cycle during the i sampling interval, respectively.
According to the definition of the failure rate of power de-
vices [36], the failure rate of IGBT 4.(¢,) can be expressed as:

1
Ar(t,)= MTTF, (@) (10)

The reliability indices of diode, e.g., the consumed life-
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time CLy(¢,), the mean time to failure MTTF(¢,) and the fail-
ure rate 4, (¢,), can be obtained by using the similar procedure.

IV. OPERATIONAL RELIABILITY MODEL OF HYBRID MMC
WITH MULTI-STATE SM

In this section, an operational reliability model of hybrid
MMC with multi-state SM is proposed with consideration of
a new SM operation strategy, based on the reliability of pow-
er devices with multiple time scales and the structure of hy-
brid MMC.

A. Operation Strategy with Multi-state SM

UFSM works for supporting both the DC-link voltage and
DC fault ride-through. Assuming the input direction is posi-
tive in Fig. 3, in normal states, if the current is positive, the
current will go through D,. If the current is negative, the cur-
rent will go through T,. Therefore, the power module con-
taining T, and D, is always turned on, which is equivalent to
a short circuit. Meanwhile, the diode D, is turned off all the
time and equivalent to an open circuit. In the conventional
SM operation strategy, UFSM will be bypassed when either
T, or D; fails. In fact, when T, or D, fails, UFSM can still
operate like HBSM to support the DC-link voltage by by-
passing the faulty part with auxiliary settings. Therefore, the
difference from tradition strategy is that module T, fails, it
will be bypassed, while other modules in UFSM can go on
working. As shown in Fig. 3(b), the UFSM can turn into a
single function state as HBSM to support the DC-link volt-
age by the short circuit of faulty module T,. Other power
modules do not need to change operation principle. In other
words, the UFSM with single function state can be equiva-
lent to HBSM to support the DC-link voltage. The operation
scheme of single-function UFSM is the same as the opera-
tion scheme of HBSM.

]
§T3 ‘r" 11
ST, -3

'
L

© (d

->-Positive current path; ->-Negative current path

Fig. 3. Status of multi-state UFSM. (a) Normal state 1. (b) Normal state 2.
(c) Single function state 1. (d) Single function state 2.

B. Reliability Model of Multi-state SM
For IGBT and diode, the failure rate is time-variant with
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the operation conditions. The reliability functions of IGBT
and diode can be represented as:

- " (0t
0

Ry (t,)=¢ amn

J.,”/"‘u (dr

Ry (t)=¢ (12)

where x=1,2,3.

Metallized-film capacitors are widely used in MMCs be-
cause of the characteristics of self-healing. However, in the
active scheme, normal SMs share the voltage of faulty SMs
which affect the reliability of SMs. Therefore, a voltage fac-
tor is used for the reliability of capacitor R.(¢,) to represent
the impact of self-healing energy as [12], [37]:

-
Ao UGt

R.(t)=e (13)

where A is the failure rate of capacitor; v, is the ratio of

the applied voltage with respect to the nominal voltage; and
n is the voltage stress factor, which varies with component
types [37].

In the normal UFSM, HBSM, IGBT, diode and capacitor
are connected in series, as shown in Fig. 3(a), (b). The reli-
ability of these auxiliary setting in this paper is considered
to have zero failure rate since the bypass switches operate in
exceptional circumstances. Hence, the reliability of UFSM
and HBSM R,(¢,) and R,;,(¢,) can be represented as:

Ry ()= Ry (¢,)Rp; (¢,)Rr> (2,)R 15y (2,)Res (2,) R (2,)R . (2,)
(14)

Ry, (tn):RTl (tn)RDl (tn)RT2 (tn)RD2 (tn)RC (tn) (15)

Similarly, the reliability of single-function UFSM Ry,(2,)
can be expressed as:

Ry (t,)= Ry (1,)Rpy; (1) Ry (1,) Ry (2, )(1 = R (£,)R 5 (2,)) R (2,)
(16)

C. Operational Reliability Model of Hybrid MMC with
Multi-state SM

According to the topology of hybrid MMC, UFSMs and
HBSMs are connected in series at one arm. When the num-
ber of faulty HBSMs is more than that of redundant HB-
SMs, both normal and single-function UFSMs can be used
to substitute faulty HBSMs. Hence, the hybrid MMC can be
operated as Fig. 4.

’ N | Mg | Nur | My ‘
(@)
’ NiT-[B | Myg | Nur ‘jUFP‘ My ‘
l
(b)

Fig. 4. Substitution relationship of SMs in hybrid MMC with multi-state
SM. (a) Operation state 1. (b) Operation state 2.

1) In the operation state 1, the number of the faulty UF-
SM and HBSM is not more than the redundant amount, i.e.,

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 3, May 2021

Jur SM e, Jup <My, then, the hybrid MMC can operate nor-
mally.

Based on the binomial distribution formula and the series-
connected structure of UFSMs [14], the reliability of UF-
SMs Ry (,) can be given as:

M

U (Nyp +Myp)! Y N

Ry (t,)= Z P (Rugn (l‘y,))NUF Mor s (I=Ryp @)™
jor=0 UF*

7)
where N, is the requisite number of UFSM.
Similarly, the reliability of HBSMs Ry;(7,) can be given
as:

M,
1 (Nyg + M) v .
R ()= Y, o Ry (6, ) ™7 (1= Ry, 2, )™
Jup =0 HB*

(18)
where N, is the requisite number of HBSM.
Based on the series-connected structure of UFSMs and
HBSMs, the reliability of arm R, ,(?,) can be given as:

RAmul(tn):RUFsl (#) Ry (2,) (19)

2) In the operation state 2, the number of faulty HBSM is
over redundancy. To keep hybrid MMC operating normally,
the normal UFSMs and single-function UFSMs need to sub-
stitute faulty HBSMs. Meanwhile, the faulty number of UF-
SM should not surpass UFSM redundancy. Therefore, the
faulty HBSMs should satisfy M, <j,z <Mp+My —
Jur Tjus,- Besides, the faulty UFSMs should satisfy j, <M.

Based on the multinomial distribution formula and the
series-connected structure of UFSMs, the reliability of
UFSMs R, (t,) can be given as:

U (Nye + My)!

Ry (2,)= z z

Jur =0y =0 (NUF +MUF _jUF)!jUFp!(.jUF _jUFp)!
(R (6,07 (R (0,0 (1= Ry (1) —
Ry (2, (20)
The reliability of HBSMs R, .,(¢,), which shares the same
approach with (18), can be given as:

Myg +Myg =jur +iurp (N + M )]
HB HB ) Ny + M,y —j
YT R () e e

Jup =My +1 HB*
(1= Ry, (t,))™ 2
The reliability of the arm R, .(#,), which shares the
same approach with (19), can be given as:
RAnn,uz (tn): Rypo (tn)RHBSZ (tn) (22)
Therefore, the overall reliability of the hybrid MMC arm
R, (t,) can be obtained by adding (19) and (22) as:
RArm.u (tn):RArm,ul (tn)+RArm.u2 (tn) (23)
Based on the symmetry of hybrid MMC, the reliability of
hybrid MMC R(¢,) can be calculated by:
R(tn): (RArmu (tn ))6 (24)
The proposed operation strategy considers the SMs with
single function status to support the DC-link voltage. In
terms of reliability, single-function UFSM which equals to

HBSM can increase the number of redundant HBSM. There-
fore, the reliability of hybrid MMC can be improved.

Ripo (t n ) =
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V. EXPERIMENTAL RESULTS

In this section, the effectiveness of the proposed operation-
al reliability and operation strategy of hybrid MMC is dem-
onstrated. The Infineon IGBT module FF1000R171E4 is cho-
sen as the power module in the hybrid MMC [32]. The pa-
rameters of the hybrid MMC and WTG are given in Table
II. We use the real wind speed and air temperature data of
Dublin in Ireland in 2016 [38], which are shown in Fig. 5
and Fig. 6, respectively, and there is 1 s time delay to re-
ceive wind among WTGs.

TABLE 1T
PARAMETERS OF HYBRID MMC AND WTG

Parameter Value
System rated active power 312 MW
Rated AC grid voltage 180 kV
Rated DC-link voltage 400 kV
Number of WTG 156
Rated active power of WTG 2 MW
Cut-in wind speed 3 m/s
Rated wind speed 9 m/s
Cut-out wind speed 16 m/s
Number of requisite HBSM 137
Number of requisite UFSM 113
Requisite voltage of capacitor 1.6 kV
Failure rate of capacitor 1% 107 /hour
Fundamental frequency 50 Hz
Switching frequency 1500 Hz
Modulation index 0.9

?3 20
2 E
= i AL Ll
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (hour)
Fig. 5. Wind speed time series.
g
2 30
s _ 20
29 10
5% 0
R 10
< 0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Time (hour)

Fig. 6. Air temperature time series.
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A. Reliability Differences of Power Devices with Multiple
Time Scales

To investigate reliability difference of power devices in
different SMs, the consumed lifetimes of power devices with
long-term and short-term time scales are obtained and shown
in Table III.

As shown in Table III, the long-term thermal cycles,
which are caused by wind speed and air temperature, con-
sume more lifetime in T,, T,, T;, D, and D,. However, the
short-term thermal cycles, which are caused by electrical fac-
tors, cannot be ignored, because their proportions occupy
16.39%, 25.06% and 67.82% of the total consumed lifetime
in T,, D, and D,, respectively. In addition, the short-term
thermal cycles of D, consume more lifetime than the long-
term ones. Consequently, the reliability of power devices in
hybrid MMC with multiple time scales is relatively more ac-
curate compared with single time scale, because both envi-
ronmental and electrical factors have a significant impact on
hybrid MMC. Besides, the difference of consumed lifetime
among power devices in SM is obvious. For example, in UF-
SM, T, and D; consume the most serious lifetime. The same
problem occurs in other SMs, e. g, SBSM and CDSM,
which are widely used in hybrid MMCs, because they share
the similar operation scheme.

B. Reliability of Hybrid MMC with Different SM Operation
Strategies

As shown in Table III, the failure probability of module
T, is higher than other modules in UFSM, as the total con-
sumed lifetime proportion of T, and D, in UFSM is 50.08%.
Therefore, it is worthy to bypass the faulty module T, in-
stead of the whole UFSM, when module T, fails.

To verify the effectiveness of the proposed strategy, a
brief reliability comparison between the conventional strate-
gy and the proposed strategy is carried out. Figure 7 shows
the reliability curves R, and R, of the conventional strate-
gy and the proposed strategy, respectively, when M ; =0, 1,
5, 10 and M ; =0. In addition, Table IV shows the operation
time with these strategies. In case of M ; =0, R, and R,
have the same reliability level since there is no redundancy
to substitute the faulty UFSM and HBSM. In the case of
My =5, both normal and single-function UFSMs can substi-
tute faulty HBSMs, and normal UFSMs can substitute the
faulty UFSMs. Compared with R, the operation time of
R, increases by 1.5, 1.78, 2.05 and 2.36 years when the re-
liabilities are 0.8, 0.6, 0.4 and 0.2, respectively.

TABLE III
CONSUMED LIFETIMES OF POWER DEVICES IN HYBRID MMC

CL (G5
Device long-tem : e : Proportion in HBSM (%)  Proportion in UFSM (%)
Value Proportion (%) Value Proportion (%)
T, 1.09x 107 91.10 1.06x 107 8.90 0.93 0.45
T, 9.27x 107 83.61 1.89x 107 16.39 86.55 43.41
T, 7.97% 107 99.33 5.36x107* 0.67 - 0.30
D, 1.15x107* 74.94 3.86x 107 25.06 11.91 5.76
D, 7.41x 107 93.98 4.74x 1077 6.02 0.61 0.29
D 431x10™ 32.18 9.02x 107 67.82 - 49.78

3

Note: “-” means the index does not exist.
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Therefore, as shown in Table IV, the proposed operation
strategy can extend the operation time of UFSM and im-
prove the reliability of hybrid MMC.
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Fig. 7. Reliability of hybrid MMC with different SM operation strategies.

TABLE IV
OPERATION TIME OF HYBRID MMC WITH DIFFERENT SM OPERATION
STRATEGIES
Operation time (year)
Reliability My =10 My =5 My=1 My=0
Rchm Rphm Rchm Rphm Rchm Rphm Rchm Rphm
0.8 10.63 14.78 444 594 056 0.64 0.07 0.07
0.6 1227 17.04 555 728 0.89 101 0.17 0.17
0.4 13.72 1892 646 851 124 141 030 0.30
0.2 1543 21.16 7.63 999 173 197 052 0.52

C. Operational Reliability of Hybrid MMC

In this subsection, the impact of environmental and electri-
cal factors on the reliability of the developed hybrid MMC
model is comprehensively investigated. Hybrid MMC is
equipped with requisite HBSM and UFSM in this case.

1) Influence of Wind Speed and Air Temperature

The reliability R, in the proposed model considering the
impact of wind speed and air temperature and R, in the
conventional statistical model are shown in Fig. 8. In addi-
tion, the failure rate curves of UFSM and HBSM are shown
in Fig. 9. From Fig. 8, it can be observed that the reliability
of hybrid MMC varies with the fluctuation of the wind
speed and ambient temperature. From 500 hours to 1000
hours, the wind speed is continuous at a high level (from
7 m/s to 10 m/s as shown in Fig. 5). Accordingly, the failure
rates of UFSM and HBSM are concentrated on 0.9x 10°® per
hour and 1.8x 10 per hour, respectively. Therefore, the reli-
ability of hybrid MMC R, decreases rapidly. On the con-
trary, from 3500 hours to 4000 hours, under the condition of
low wind speed ranging from 1 m/s to 4 m/s, both UFSM
and HBSM keep in low failure rates. Consequently, the reli-
ability of hybrid MMC R, worsens slowly in Fig. 8. Simi-
larly, from 4000 hours to 6000 hours, under the condition of
relatively higher air temperature, hybrid MMC suffers from
more serious thermal fatigue. Therefore, the failure rates of
UFSM and HBSM are relatively higher as shown in Fig. 9.
All above, the proposed reliability model is consistent with
the theoretical expectation. In general, the R, obtained by
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classical model neglects the impact of environmental factors,
hence, the deviations between the conventional and the pro-
posed operational reliability at 1000 hours, 4000 hours and
7000 hours are as high as 41.38%, 34.45% and 82.36%, re-
spectively. Therefore, it is worthy to consider the impact of
environmental factors on the operational reliability of hybrid
MMC.
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Fig. 8. Reliability of hybrid MMC affected by wind speed and air tempera-
ture.
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Fig. 9. Failure rate of UFSM and HBSM affected by wind speed and air
temperature.

2) Influence of Switching Frequency

Based on the proposed model, the reliability curves with
different switching frequencies are obtained in Fig. 10. Table
V shows the reliability indices of hybrid MMC with differ-
ent switching frequencies at 900 hours.
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Fig. 10. Reliability of hybrid MMC with different switching frequencies.

As shown in Fig. 10, when the switching frequency is
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TABLE V
RELIABILITY INDICES OF HYBRID MMC AT 900 HOURS

Switching Failure rate of Failure rate of

frequency (Hz) Reliability UFSM per hour HBSM per hour
1000 0.7150 6.91x 107 1.56x 107
2000 0.5426 1.09x 107 5.54x 1077
3000 0.2572 2.17x10° 1.63x10°°

high, the reliability of hybrid MMC decreases rapidly. For in-
stance, at 900 hours, when the switching frequency increases
from 1000 Hz to 3000 Hz, the power devices in hybrid
MMC suffer from more switching losses. This causes the
failure rate of UFSM to increase from 6.91x 1077 per hour to
2.17x10°® per hour, and the failure rate of HBSM increases
from 1.56x 107 per hour to 1.63x10° per hour. Further-
more, the reliability of hybrid MMC decreases from 0.715 to
0.257 (decreases by 178.21%). Hence, the switching frequen-
cy has a significant effect on the reliability of hybrid MMC.
The R,,, obtained by classical model neglects the impact of
electrical factors as shown in Fig. 8. Compared with the pro-
posed operational reliability of hybrid MMC with 1000 Hz,
2000 Hz and 3000 Hz, the classical reliability deviations are
as high as 14.92%, 59.27% and 229% at 900 hours, respec-
tively. Therefore, it is worthy to consider the impact of elec-
trical factors.

VI. CONCLUSION

This paper proposes an operational reliability model of hy-
brid MMC considering multiple time scales and multi-state
SM, for wind power transmission application. The main ad-
vantages of the proposed operational reliability model can be
summarized as follows.

1) We find that the reliability differences among power de-
vices in hybrid MMC are obvious for wind power transmis-
sion. In the same module, T, and D, suffer most serious
stress. It provides a guidance to improve the reliability of hy-
brid MMC such as decreasing the switching frequency.

2) In terms of reliability, the proposed operation strategy
considering multi-state SM can be used to extend the opera-
tion time of SM and improve the reliability of hybrid MMC
effectively.

3) The proposed operational reliability model of hybrid
MMC can effectively characterize the impact of environmen-
tal and electrical factors compared with the conventional
model.

These advantages have been verified by using the ob-
tained results.
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